Brown and beige/brite fats generate heat via uncoupled respiration to defend against cold. The total mass and activity of thermogenic adipose tissues are also tightly linked to systemic energy and nutrient homeostasis. Despite originating from distinct progenitors, brown and beige adipocytes acquire remarkably similar molecular and metabolic characteristics during differentiation through the action of a network of transcription factors and cofactors. How this regulatory network interfaces with long noncoding RNAs (lncRNAs), an emerging class of developmental regulators, remains largely unexplored. Here, we globally profiled lncRNA gene expression during thermogenic adipocyte formation and identified Brown fat lncRNA 1 (Blnc1) as a nuclear lncRNA that promotes brown and beige adipocyte differentiation and function. Blnc1 forms a ribonucleoprotein complex with transcription factor EBF2 to stimulate the thermogenic gene program. Further, Blnc1 itself is a target of EBF2, thereby forming a feedforward regulatory loop to drive adipogenesis toward thermogenic phenotype.
INTRODUCTION
Metabolic syndrome has become a global epidemic that raises the risk for type 2 diabetes, cardiovascular disease, and nonalcoholic fatty liver disease. White adipose tissue (WAT) is important for energy storage, endocrine signaling, and metabolic-immune crosstalk (Gesta et al., 2007; Rosen and Spiegelman, 2014) , whereas brown adipose tissue (BAT) contains abundant mitochondria and expresses high levels of uncoupling protein 1 (UCP1), an inner mitochondrial membrane protein that dissipates proton gradient for heat generation (Kozak and Harper, 2000; Lowell and Spiegelman, 2000; Nedergaard and Cannon, 2010) . Brown fat thermogenesis defends against cold and contributes to energy expenditure. Genetic ablation of brown fat or deletion of Ucp1 renders mice cold sensitive and prone to high-fat-diet-induced obesity (Enerbä ck et al., 1997; Feldmann et al., 2009; Lowell et al., 1993) , whereas activation of brown fat thermogenesis by cold exposure has been linked to increased energy expenditure, reduced adiposity, and lower plasma lipids (Bartelt et al., 2011; van der Lans et al., 2013; Yoneshiro et al., 2013) . Recent work has demonstrated that brown-like fat is present in adult humans (Cypess et al., 2009; Nedergaard et al., 2007; van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009 ) and responds to physiological and environmental stimuli (Orava et al., 2011; Ouellet et al., 2012; van der Lans et al., 2013) . As such, augmenting brown fat abundance and/or function may provide a potentially effective treatment for obesity and its associated metabolic disorders.
A hallmark of brown adipocyte differentiation is transcriptional activation of gene programs underlying mitochondrial fuel oxidation and thermogenesis. A number of transcription factors and cofactors, including peroxisome proliferator-activated receptor g (Pparg), Ppara, PR domain containing 16 (Prdm16), early B cell factor 2 (Ebf2), CCAAT/enhancer binding protein b (C/EBPb), and Pparg coactivator 1a and 1b , have been identified to regulate different aspects of brown fat development (Farmer, 2008; Kajimura et al., 2010; Wu et al., 2013) . Further, several microRNAs have been identified to regulate brown adipocyte determination, differentiation, and uncoupling (Trajkovski and Lodish, 2013) . While sharing key molecular and metabolic characteristics with the classical rodent BAT, brown fat in adult humans appears to contain both classical and brown-like adipocytes (Cypess et al., 2013; Jespersen et al., 2013; Lidell et al., 2013; Sharp et al., 2012) . UCP1-positive adipocytes also emerge in WAT in response to certain stimuli, such as rosiglitazone and CL-316,243, a selective b3-adrenergic agonist; these potential thermogenic adipocytes have been termed beige, brite, or inducible brown adipocytes (referred hereafter as beige), but their exact identity remains uncertain (Petrovic et al., 2010; Schulz et al., 2011; Wu et al., 2012) . Like brown adipocytes, beige adipocytes also have high mitochondrial content and express UCP1 in an inducible manner. In rodents, brown and beige fats appear to have distinct developmental origins (Berry and Rodeheffer, 2013; Seale et al., 2008; Timmons et al., 2007; Wu et al., 2012) and are differentially influenced by genetic factors (Kozak and Koza, 2010; Xue et al., 2007) .
Long noncoding RNAs (lncRNAs) are a unique class of transcripts that share similarities with mRNA with regard to their transcriptional regulation and biogenesis (Atkinson et al., 2012; Rinn and Chang, 2012) . Like mRNA, lncRNAs are transcribed by RNA polymerase II and undergo splicing and polyadenylation.
However, these RNA transcripts lack functional open reading frames and are not predicted to encode proteins. The expression of lncRNAs exhibits remarkable tissue specificity and is responsive to developmental and physiological signals (Gupta et al., 2010; Huarte et al., 2010; Pauli et al., 2012; Sun et al., 2013; Vollmers et al., 2012) . Through interaction with DNA/RNA or proteins, lncRNAs regulate epigenetic states of chromatin, gene expression, tissue development, and tumorigenesis (Guttman and Rinn, 2012; Hu et al., 2012; Lee, 2012; Wang and Chang, 2011) . Recent studies demonstrated that lncRNAs, including steroid receptor RNA activator, play a role in white adipocyte differentiation (Sun et al., 2013; Xu et al., 2010) . The extent to which lncRNAs regulate thermogenic adipocyte differentiation has not been explored. In this study, we defined a set of highly regulated lncRNAs in brown fat and identified Blnc1 as an inducible lncRNA that regulates brown and beige adipocyte differentiation. Mechanistically, Blnc1 physically interacts with EBF2 and promotes the induction of the thermogenic gene program via a feedforward regulatory loop.
RESULTS

Identification of Blnc1 as an Inducible lncRNA during Brown Adipogenesis
To identify inducible lncRNAs involved in brown fat development and thermogenesis, we performed transcriptional profiling in adipose tissues and during brown adipocyte (BAC) differentiation using chips that cover 25,376 protein-coding transcripts and 31,423 annotated lncRNAs. These analyses revealed a cluster of 30 coding genes and 21 lncRNAs whose expressions were enriched in BAT, induced in epididymal WAT (eWAT) by CL-316,243, a selective b3-adrenergic agonist, and increased during BAC differentiation ( Figure 1A ). As expected, the protein-coding gene set included those participating in mitochondrial fuel oxidation and uncoupling, such as long-chain acyl coenzyme A (acyl-CoA) dehydrogenase (Acadl), cytochrome c oxidase subunit 7a polypeptide 1 (Cox7a1), cell death-inducing DFFA-like effector a (Cidea), and Ucp1, and was enriched for gene ontology (GO) terms associated with mitochondrial organelle and function (Table S1 and Figure S1A , available online). The noncoding gene set included 10 intergenic lncRNAs and 11 lncRNAs located near mRNA transcripts (Table  S1 ). We focused on three highly conserved intergenic lncRNAs (AK080070, 3930402G23Rik, AK038898) and examined their role in brown adipogenesis by retroviral expression of short hairpin RNA (shRNA) targeting individual lncRNA (data not shown). RNAi knockdown of AK038898 significantly impaired brown adipogenesis, and as such, we renamed this lncRNA brown fat lncRNA 1 (Blnc1).
Blnc1 expression was highly induced during brown adipocyte differentiation along with known adipogenic markers, such as Ucp1, Pparg, and Ebf2, a transcriptional regulator of brown fat development ( Figure 1B ). Blnc1 RNA was also enriched in brown fat compared to white fat ( Figure 1C ), consistent with recent RNA sequencing (RNA-seq) studies (Sun et al., 2013) , and reached higher levels in differentiated brown adipocytes compared to 3T3-L1 adipocytes. Expression of AK080070 and 3930402G23Rik exhibited similar patterns ( Figure S1B ). Rapid amplification of cDNA ends (RACE) revealed that Blnc1 transcript was polyadenylated and transcribed from a single exon of approximately 965 bp in length ( Figures S2A and S2B ). We performed phylogenetic information-based codon substitution frequency (PhyloCSF) analyses, a comparative genomic tool that distinguishes protein-coding from noncoding transcripts (Lin et al., 2011) . While Ucp1 and Paqr9, the latter being a protein-coding gene near the Blnc1 locus, were predicted to encode proteins, Blnc1 RNA had a low probability of containing a protein-coding open reading frame ( Figure 1D ). Further, a Blnc1 expression vector failed to produce a protein(s) using in vitro transcription/translation assay ( Figure 1E ). Analysis of a global RNA sequencing and ribosome footprinting data set (Ingolia et al., 2011) indicated that Blnc1 RNA was largely free of ribosome association ( Figure S2C ). lncRNAs are targeted to discrete subcellular locations to carry out their biological functions. Quantitative PCR (qPCR) analyses of fractionated nuclear and cytoplasmic RNA indicated that Blnc1 was primarily localized in the nuclear compartment (Figure 1F) . As control, b-actin and Lamin A/C proteins were detected exclusively in the cytoplasmic and nuclear fractions, respectively. In addition, 45S ribosomal RNA (rRNA) precursor was primarily localized in the nucleus, whereas 12S rRNA, a mitochondrial rRNA, was found in the cytoplasmic fraction.
Blnc1 Stimulates the Thermogenic Gene Program in Brown Adipocytes and In Vivo
To investigate the role of Blnc1 in brown adipocyte differentiation, we transduced brown preadipocytes with control or a retroviral vector (pMSCV) expressing Blnc1 cDNA and monitored adipocyte gene expression at different time points following adipogenic induction. While Pparg was similarly induced, retroviralmediated overexpression of Blnc1 significantly increased mRNA expression of Ucp1, Cox7a1, Prdm16, Ppara, and Ebf2 ( Figure 2A ). Microarray analyses of differentiated adipocytes indicated that Blnc1 increased the expression of a cluster of mitochondrial genes involved in fatty acid b-oxidation, including mitochondrial trans-2-enoyl-CoA reductase (Mecr), acyl-CoA thioesterase 2 (Acot2), and acetyl-CoA acyltransferase 2 (Acaa2), and glucose metabolism, such as pyruvate dehydrogenase kinase 1 (Pdk1) and Pdk4 ( Figure 2B ). Gene ontology analysis revealed that mitochondrion was among the top GO terms associated with Blnc1-inducible genes ( Figure S3A ). The induction of thermogenic gene expression correlated with increased histone H3 acetylation ( Figure S3B ). Further, mRNA expression of key thermogenic markers, including Ucp1, Deiodinase 2 (Dio2), and Ppara, was higher in Blnc1-expressing adipocytes after CL-316,243 treatments ( Figure 2C ). UCP1 protein levels were also increased in Blnc1-overexpressing adipocytes at basal state and following treatments with CL-316,243, norepinephrine, or forskolin, which increased intracellular cyclic AMP levels (Figure 2D) , whereas FABP4 and PPARg protein levels remained similar.
Oil red O staining revealed that Blnc1 overexpression had modest effects on lipid accumulation in differentiated adipocytes ( Figure 2E ). In contrast, mitochondrial mass and DNA content were increased in Blnc1-expressing adipocytes (Figures 2E and 2F) . Measurements of oxygen consumption rate (OCR) in differentiated adipocytes indicated that Blnc1 increased total respiratory capacity when measured in the presence of carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), a chemical uncoupler that dissipates the proton gradient across mitochondrial inner membrane ( Figure 2G ). In addition, basal OCR and uncoupled respiration, the latter measured in the presence of oligomycin, an inhibitor of mitochondrial ATP synthase, were also higher in adipocytes overexpressing Blnc1. As such, retroviral-mediated Blnc1 expression is sufficient to stimulate mitochondrial gene expression and increase oxidative capacity and uncoupled respiration in brown adipocytes.
To further assess the effects of Blnc1 on brown adipocyte differentiation in vivo, we performed transplantation experiments in immunodeficient nude mice. Brown preadipocytes transduced with control or Blnc1 retroviral vectors were injected subcutaneously on two sides at the base of sternum, where endogenous fat is nearly absent (Guo et al., 2009 ). We performed analyses 2 weeks after transplantation. While fat pads formed from transplanted preadipocytes expressed comparable levels of adipogenic marker Fabp4, Blnc1-transduced preadipocytes gave rise to fat pads with significantly higher Ucp1 and Cidea mRNA expression, reaching approximately 30% of the levels observed in endogenous brown fat ( Figure 2H ). UCP1 protein levels were also markedly higher in fat pads expressing Blnc1 ( Figure 2I ). Together, these gain-of-function studies strongly implicated Blnc1 as a lncRNA activator of brown adipogenesis and brown fat formation.
Blnc1 Is Required for Brown Adipocyte Differentiation
We next performed RNAi knockdown studies to assess the significance of Blnc1 in BAC differentiation using two independent shRNA vectors targeting Blnc1. We stably transduced brown preadipocytes with control or Blnc1 shRNA retroviruses and subjected transduced cells to adipogenic induction. As expected, Blnc1 shRNA expression significantly decreased Blnc1 levels in both nuclear and cytoplasmic fractions (Figure S4A ). RNAi knockdown of Blnc1 in brown preadipocytes severely impaired adipogenesis, as revealed by reduced lipid accumulation and brown fat marker gene expression, including Ucp1, Cox7a1, and Ebf2 ( Figure 3A) . Gene ontology analysis indicated that gene sets downregulated by Blnc1 knockdown were enriched for mitochondrial metabolism ( Figure S4B ). Consistently, Ucp1 mRNA and protein levels were also greatly reduced by RNAi knockdown of Blnc1 under basal and stimulated conditions ( Figures 3B-3D) .
We analyzed gene expression profile in BAC and identified a set of 110 genes that are differentially regulated by Blnc1 overexpression and knockdown ( Figure 3E and Table S2 ). Interestingly, the expression of Blnc1-inducible genes (cluster I) was generally lower in knockdown adipocytes; this cluster includes many genes involved in mitochondrial function and thermogenesis. In contrast, those suppressed by Blnc1 (cluster III) were increased in response to Blnc1 knockdown. Consistently, mitochondrial DNA content was significantly lower in knockdown adipocytes ( Figure 3F ). Total respiratory capacity and uncoupled respiration were also lower in adipocytes with depleted Blnc1 expression. Further, brown preadipocytes expressing shRNA that targeted Blnc1 failed to form fat pads characteristic of brown fat, as indicated by lower Ucp1 and Cidea expression ( Figures 3G and 3H) . A similar decrease in UCP1, but not PPARg, protein levels was also observed in the knockdown group. These loss-of-function studies illustrate that Blnc1 is required for the activation of adipogenic and thermogenic gene programs in culture and in vivo.
Regulation of Beige Adipocyte Differentiation by Blnc1
Beige fat is emerging as a new type of thermogenic fat that is inducible in response to cold acclimation, chronic adrenergic activation, or PPARg agonists Ohno et al., 2012; Wu et al., 2013) . To determine whether Blnc1 expression is regulated during browning, we treated C57BL/6 mice with CL-316,243 daily for 1 week and analyzed adipose tissue expression. As expected, Ucp1 mRNA levels were markedly elevated in interscapular BAT, inguinal WAT (ingWAT), eWAT, and perirenal WAT (prWAT) ( Figure 4A ). In parallel to Ucp1, Blnc1 RNA expression was also significantly increased by CL-316,243 treatments for 7 days. Recent studies have begun to unravel the transcriptional signatures of brown and beige adipocytes. We noted that a probeset for Blnc1 was present on Affymetrix Mouse 430 2.0 chips and examined its levels in a microarray data set on adipocytes differentiated from mouse white, brown, and beige preadipocyte clones (Wu et al., 2012) . Compared to white adipocytes, Blnc1 RNA expression was enriched in brown and beige adipocytes, similar to that of Pgc-1a and Acox1 ( Figure 4B ). Similar to previous studies, Slc27a1 and Klhl13 expression was higher in beige adipocytes. We next examined Blnc1 expression during adipocyte differentiation of X9E cells, an established beige progenitor clone (Wu et al., 2012) . Gene expression analyses indicated that, similar to Cidea, the expression of Blnc1 and Ebf2 was markedly induced during beige adipocyte differentiation ( Figure 4C ). These findings raised the possibility that Blnc1 may play a role in beige adipocyte development.
We next performed Blnc1 gain-and loss-of-function studies to assess its role in beige adipocyte differentiation. Retroviralmediated expression of Blnc1 had a modest effect on lipid accumulation in X9E cells following adipogenic induction (data not shown). As previously reported (Wu et al., 2012) , basal Ucp1 expression was relatively low yet highly inducible by adrenergic stimuli. In response to CL-316,243, forskolin, or norepinephrine, Ucp1 mRNA expression reached significantly higher levels in beige adipocytes overexpressing Blnc1 ( Figure 4D ). RNAi knockdown of Blnc1 impaired the expression of several genes enriched in brown and beige adipocytes, including Cidea, Cox7a1, Pgc-1a, and Tbx1, a recently identified beige fat marker (Jespersen et al., 2013) (Figure 4E ). The induction of Ucp1 mRNA expression was also diminished by RNAi knockdown of Blnc1. These results demonstrate that Blnc1 is sufficient and required for beige adipocytes to acquire thermogenic phenotype.
EBF2 and Blnc1 Cooperatively Stimulate the Thermogenic Adipocyte Gene Program
As shown above, retroviral-mediated expression of Blnc1 in brown and beige preadipocytes promoted the induction of thermogenic gene program and function, whereas Blnc1 depletion by RNAi knockdown had the opposite effects. Despite this, Blnc1 failed to increase the expression of thermogenic adipocyte markers when overexpressed in C3H10T1/2 mesenchymal stem cells and 3T3-L1 preadipocytes ( Figure 5A and data not shown). These observations suggest that Blnc1 may selectively act on committed brown and beige adipocyte progenitors and/or may require the presence of one or more factors enriched in these adipocytes. To test this, we used recombinant retroviral vectors to drive Blnc1 expression in 10T1/2 fibroblasts in combination with individual factors known to regulate brown fat gene expression. As expected, overexpression of Prdm16 and EBF2 augmented Ucp1 mRNA expression following adipogenic induction. Blnc1 further increased Ucp1 mRNA levels in the presence of EBF2, but not other factors, including C/EBPa, C/EBFb, PPARa, PPARg, Prdm16, and PGC-1a ( Figure 5A ). Gene expression analyses indicated that mRNA expression of both Blnc1 and Ebf2 was increased during brown and beige adipogenesis, but not during adipocyte differentiation of 10T1/ 2 and 3T3-L1 cells ( Figure 5B) .
To elucidate the cooperative action of Blnc1 and EBF2 in adipogenesis, we generated stable preadipocyte cell lines that expressed vector, EBF2 and Blnc1 alone, or a combination of these two factors in brown preadipocytes, 10T1/2, and 3T3-L1 fibroblasts. We analyzed gene expression following standard adipogenic induction without or with norepinephrine stimulation. Gene expression analyses indicated that coexpression of Blnc1 and EBF2 significantly increased Ucp1 gene expression when compared to adipocytes expressing these factors alone ( Figures 5C and  5D ). This stimulatory effect was also observed following adrenergic stimulation. EBF2 stimulates brown adipocyte gene expression through direct chromatin association (Rajakumari et al., 2013) . As expected, we found that EBF2 was enriched on its binding sites on Ucp1 and Ppara promoters, and its occupancy was enhanced by Blnc1 overexpression ( Figure 5E ). Similarly, while Blnc1 alone had a modest effect on Ucp1 expression in adipocytes differentiated from 10T1/2 fibroblasts, it significantly enhanced Ucp1 expression in the presence of EBF2 (Figures 5F and 5G ). This stimulatory effect of Blnc1 on EBF2 in the induction of Ucp1 expression was also observed in 3T3-L1 adipocytes ( Figure 5H ) and for other genes characteristic of thermogenic adipocytes, such as Cidea and Ppara ( Figure S5 ). Together, these results demonstrate that Blnc1 acts in concert with EBF2 in the induction of thermogenic adipocyte gene program.
EBF2 and Blnc1 Form a Feedforward Regulatory Loop to
Direct Adipogenesis toward Thermogenic Phenotype lncRNAs control gene expression through cis-regulation to modulate their neighboring genes or trans-regulation by physical interaction with other factors. To determine whether Blnc1 and EBF2 form a ribonucleoprotein transcriptional complex, we transiently transfected human embryonic kidney 293T (HEK293T) cells with plasmids expressing Blnc1 RNA and hemagglutinin (HA)-tagged EBF2 and performed immunoprecipitation (IP) using a-HA agarose beads. qPCR analyses indicated that Blnc1 was present in the EBF2 immunocomplex ( Figure 6A ). We performed similar IP studies in differentiated brown adipocytes stably expressing HA-EBF2. IP/qPCR assays indicated that EBF2 physically associated with Blnc1, but not 45S rRNA and other brown fat-enriched lncRNAs ( Figure 6B ). To confirm this physical interaction, we constructed a plasmid expressing Blnc1 fused to streptavidin-binding aptamer (StA-Blnc1), a 44 nt RNA tag that mimics biotin and binds to streptavidin with high affinity (Srisawat and Engelke, 2001; Walker et al., 2011) . Streptavidin precipitation of lysates from HEK293T cells transiently transfected with StA-Blnc1 and HA-EBF2 alone or in combination revealed that EBF2 was detected in the Blnc1 RNA complexes ( Figure 6C) . A similar experiment was performed in differentiated brown adipocytes stably expressing StA-Blnc1 ( Figure 6D ). We found that endogenous EBF2, but not PPARg and PGC-1a, was present in Blnc1 RNA affinity complexes. These protein-RNA interaction studies demonstrate that Blnc1 and EBF2 form a ribonucleoprotein transcriptional complex in the cell.
We noted that the expression of Blnc1 closely correlated with EBF2 during brown and beige adipocyte differentiation (Figure 5B) . Interestingly, retroviral-mediated EBF2 expression resulted in increased Blnc1 RNA levels in several cell types, including brown preadipocytes, and 10T1/2 and 3T3-L1 fibroblasts ( Figure 6E ), suggesting that Blnc1 may be a direct target of EBF2. Consistently, RNAi knockdown of EBF2 significantly reduced Blnc1 and Ucp1 gene expression in BAC ( Figure 6F ). Chromatin immunoprecipitation (ChIP) studies revealed that EBF2 was recruited to a predicted EBF2 binding site (-1.2 kb) on the proximal Blnc1 promoter ( Figure 6G ). In reporter gene assays, EBF2 dose-dependently stimulated a Blnc1 promoter reporter construct containing this binding site ( Figure 6H ). Truncation or mutant reporter constructs lacking the putative EBF2 site had significantly diminished response to EBF2 ( Figure 6I ).
EBF2 was recently demonstrated to regulate brown fat gene expression and is required for brown fat development in mice (Rajakumari et al., 2013) . Our studies identified Blnc1 as an RNA component of the EBF2 transcriptional complex that stimulates the expression of thermogenic genes. To assess the significance of Blnc1, we performed Blnc1 RNAi knockdown in the absence or presence of EBF2 overexpression in brown preadipocytes. We analyzed Ucp1 mRNA and protein expression on day 6 before and after norepinephrine induction. As expected, retroviral-mediated EBF2 expression robustly stimulated Ucp1 mRNA and protein expression at baseline as well as following adrenergic activation (Figures 7A and 7B ). RNAi knockdown of Blnc1 severely impaired the induction of UCP1 during differentiation. mRNA expression of Cidea and Ppara was also lower by knockdown of Blnc1 in adipocytes expressing control or EBF2 ( Figure S6) . Similarly, depletion of Blnc1 also significantly reduced the induction of UCP1 expression by EBF2 in 10T1/2 cells ( Figures 7C and 7D ). These studies demonstrate that Blnc1 is a required component of the EBF2 transcriptional complex in adipocyte gene expression.
DISCUSSION
The transcriptional network that controls the commitment, differentiation, and function of thermogenic adipocytes is coupled to the physiological demand for thermogenesis. In rodents, cold exposure stimulates adaptive thermogenesis in brown fat and also recruits adipogenic progenitors, leading to the expansion of brown and beige adipose tissues during persistent cold stress. In this study, we identified Blnc1 as the RNA component of the EBF2 ribonucleoprotein complex that promotes the induction of thermogenic gene program during brown and beige adipogenesis. Blnc1 is a direct target gene of EBF2 and is required for its full transcriptional activity, thus forming a feedforward regulatory loop that directs adipogenesis toward thermogenesis ( Figure 7E ).
lncRNAs are emerging as a novel class of regulatory molecules that impinge on diverse biological processes. Like protein regulators, many lncRNAs exhibit remarkable tissue specificity and are regulated by developmental and physiological signals (Gupta et al., 2010; Huarte et al., 2010; Pauli et al., 2012; Sun et al., 2013; Vollmers et al., 2012) . In the context of adipogenesis, a cluster of regulated lncRNAs was recently identified using RNA-seq. To our surprise, the overlap between RNA-seq and microarray analyses was relatively low. Among 21 lncRNAs that passed our selection filters, only AK080070 was present in the data set obtained in RNA-seq study. As noncoding RNA transcripts remain poorly annotated at present, this lack of significant overlap between microarray and RNA-seq studies likely reflects the complexity and diversity of potential RNA regulators.
The expression of Blnc1 is highly induced during brown and beige adipogenesis, but not during differentiation of 3T3-L1 adipocytes, which more closely resembles white adipocytes. In response to b3-adrenergic stimulation, Blnc1 RNA levels were significantly increased in mouse adipose tissues, including BAT, inguinal WAT, epididymal WAT, and perirenal WAT. This induction of Blnc1 expression correlates with the stimulation of the thermogenic gene program in these adipose tissues. Several lines of evidence established Blnc1 as a highly regulated lncRNA in thermogenic adipocyte development. First, Blnc1 is sufficient to promote the expression of key thermogenic markers, including Ucp1 and mitochondrial genes, and uncoupled respiration during brown and beige adipocyte differentiation. Moreover, in transplanted fats derived from Blnc1-overexpressing brown preadipocytes, Ucp1 mRNA and protein levels reached approximately 30%-40% of that of endogenous brown fat. Finally, RNAi knockdown of Blnc1 greatly impaired adipogenesis in cultured cells and in vivo. Recent studies have revealed an array of circulating factors that regulate brown and/or beige adipocyte development (Harms and Seale, 2013) ; whether Blnc1 serves as a downstream target of these factors remains to be investigated.
Blnc1 is primarily localized in the nucleus and forms a ribonucleoprotein complex with EBF2, a member of the EBF family of transcription factors that has been implicated in the control of adipogenesis (Akerblad et al., 2002; Jimenez et al., 2007; Rajakumari et al., 2013) . Using reciprocal protein-RNA interaction assays, we found that Blnc1 physically interacts with EBF2 in cultured brown adipocytes. The association of Blnc1 with EBF2 resulted in augmented transcriptional activity of EBF2, particularly in the induction of Ucp1 and mitochondrial gene expression. Other EBF members have also been demonstrated to regulate adipogenesis (Akerblad et al., 2002; Jimenez et al., 2007) ; it remains possible that Blnc1 may also physically interact with other EBF factors to regulate adipocyte gene expression. Interestingly, Blnc1 alone was unable to activate the thermogenic gene program in 3T3-L1 and 10T1/2 cells where endogenous EBF2 expression was low. In support of this, retroviral-mediated expression of EBF2 in these progenitors rendered them responsive to the stimulatory effects of Blnc1, whereas RNAi knockdown of Blnc1 significantly impaired EBF2-induced brown adipogenesis, suggesting that Blnc1 is an important transcriptional partner for EBF2. ChIP assay and reporter gene studies indicate that Blnc1 is a direct target of EBF2; EBF2 is recruited to the proximal promoter of Blnc1 and stimulates its expression. As such, Blnc1 appears to function as a critical RNA component of the EBF2 transcriptional complex on adipocyte gene regulation. Together, these findings support a mechanism in which Blnc1 and EBF2 form a feedforward regulatory loop that potentially functions as a switch that directs brown and beige adipocyte differentiation.
EXPERIMENTAL PROCEDURES Microarray
Total RNA was isolated from brown and white adipose tissues, during brown adipocyte differentiation (0, 2, 4, and 6 days) and from WAT following 7 days of CL-316,243 treatment. lncRNA profiling was performed using a chip containing 31,423 lncRNAs and 25,376 coding transcripts (mouse lncRNA v2.0, Arraystar). We used a cutoff of normalized array values (log 2 transformed values > 7.0) to enrich for transcripts present in brown fat and brown adipocytes. We performed Student's t test to identify transcripts exhibiting signifi- cant differences of over 2.5-fold for BAT/WAT and 2-fold for CL/saline groups. For BAC differentiation, we calculated fold induction by comparing day 6 versus day 0 undifferentiated samples (>4-fold). For Mouse Genome 430 2.0 Array, we used total RNA isolated from differentiated brown adipocytes with Blnc1 overexpression and RNAi knockdown. Gene Ontology analysis was performed using the Database for Annotation, Visualization, and Integrated Discovery (DAVID, available at http://david.abcc.ncifcrf.gov).
Animal Studies
All animal studies were performed according to procedures approved by the University Committee on Use and Care of Animals. NU/J Foxn1 nu (nude) and C57BL/6 wild-type mice were obtained from the Jackson Laboratory. Mice were maintained under 12 hr light/dark cycle and fed with standard rodent chow. Mice were injected intraperitoneally daily with saline or CL-316,243 (1 mg/kg) for 7 days. For transplantation, 3 3 10 7 brown preadipocytes were subcutaneously injected at the base of sternum on two sides in 8-week-old male nude mice. Fat pads were carefully dissected after 2 weeks for gene expression analyses.
Adipocyte Differentiation
Brown preadipocytes were isolated and immortalized as previously described (Klein et al., 2002) . C3H10T1/2 cells and brown preadipocytes were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). 3T3-L1 fibroblasts were cultured in DMEM containing 10% bovine growth serum. To initiate differentiation, a cocktail containing 0.5 mM IBMX, 125 mM indomethacin, and 1 mM dexamethasone was added to confluent preadipocytes maintained in DMEM supplemented with 10% FBS, 20 nM insulin, and 1 nM T3. Cells were switched to differentiation medium (DMEM, 10% FBS, 20 nM insulin, and 1 nM T3) after 2 days. Mitochondrial abundance was observed following MitoTracker staining under a Leica DM IRB microscope.
Mitochondrial DNA Content and Respiration Mitochondrial DNA content was measured using qPCR analysis of total DNA isolated from differentiated brown adipocytes. Primers for mitochondrial DNA (mtND1 and mtCox1) and nuclear DNA (PECAM) are listed in Table S3 . Oxygen consumption rate in differentiated brown adipocytes was measured using an Oxygen Meter (Strathkelvin Instruments) with a Mitocell (MT200) mixing chamber. Cells were suspended in 400 ml differentiation medium, and oxygen concentration was recorded for 5 min followed by injections of FCCP (25 mM) or oligomycin (5 mg/ml) to the chamber. Oxygen consumption rate was calculated using software (782 Oxygen System version 4.0) and normalized to protein content.
Gene Expression Analyses
Gene expression was analyzed by qPCR using the SYBR Green method. Ribosomal protein 36B4 was used as an internal control. For immunoblotting, total lysates were prepared in a lysis buffer containing 50 mM Tris (pH = 7.5), 150 mM NaCl, 5 mM NaF, 25 mM b-glycerolphosphate, 1 mM sodium orthovanadate, 10% glycerol, 1% Triton X-100, 1 mM dithiothreitol, and freshly added protease inhibitors. Protein lysates were separated by 10% SDS-polyacrylamide gel, transferred to polyvinylidene fluoride membrane, and immunoblotted with antibodies against UCP1 (Alpha Diagnosis), PPARg, HA-tag, and Lamin A/C (Santa Cruz Biotechnology), FABP4 (Cell Signaling Technology), and b-actin and a-tubulin (Sigma-Aldrich).
RNA-Protein Interaction Assays
HEK293T cells transiently transfected with HA-EBF2 and Blnc1 alone or in combination and differentiated brown adipocytes expressing HA-EBF2 were crosslinked with 1% formaldehyde followed by sonication. Immunoprecipitation was performed using anti-HA agarose beads. After washing, RNA was extracted with TRIzol, treated with RNase-free DNase, and analyzed by qRT-PCR. For reverse precipitation, Blnc1 was precipitated from total lysates prepared from transfected HEK293T cells and brown adipocytes using streptavidin agarose beads. Proteins associated with beads were analyzed by immunoblotting.
Reporter Gene and ChIP Assays
Reporter gene assays were performed in transiently transfected HEK293 cells. For ChIP assay, chromatin extracts were prepared from differentiated brown adipocytes, precleared, and immunoprecipitated using control immunoglobulin G (IgG) or antibodies against EBF2 (R&D Systems) or acetylated histone H3 (Millipore). Chromatin association was measured using qPCR with primers listed in Table S3 .
Statistics
Data were analyzed using two-tailed Student's t test for independent groups. A p value of less than 0.05 was considered statistically significant.
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